Microstructural modeling of asphalt concrete using a coupled moisture–mechanical constitutive relationship  by Shakiba, Maryam et al.
International Journal of Solids and Structures 51 (2014) 4260–4279Contents lists available at ScienceDirect
International Journal of Solids and Structures
journal homepage: www.elsevier .com/locate / i jsolst rMicrostructural modeling of asphalt concrete using a coupled
moisture–mechanical constitutive relationshiphttp://dx.doi.org/10.1016/j.ijsolstr.2014.08.012
0020-7683/Published by Elsevier Ltd.
⇑ Corresponding author. Tel.: +1 785 864 4473.
E-mail address: m-darabi@ku.edu (M.K. Darabi).Maryam Shakiba a, Masoud K. Darabi b,⇑, Rashid K. Abu Al-Rub c, Eyad A. Masad a,d, Dallas N. Little a
a Zachry Department of Civil Engineering, Texas A&M University, College Station, TX 77843, USA
bDepartment of Civil, Environmental and Architectural Engineering, University of Kansas, Lawrence, KS 66045, USA
cMechanical Engineering Program, Masdar Institute of Science and Technology, Abu Dhabi, United Arab Emirates
dMechanical Engineering Program, Texas A&M University at Qatar, Doha, Qatara r t i c l e i n f o
Article history:
Received 24 February 2014
Received in revised form 29 July 2014
Available online 6 September 2014
Keywords:
Moisture-induced damage
Asphalt concrete
Microstructural modeling
Continuum Damage Mechanics
Constitutive modelinga b s t r a c t
The coupled effect of moisture diffusion andmechanical loading on themicrostructure of asphalt concrete
is studied. The traditional Continuum Damage Mechanics (CDM) framework is modiﬁed to model
detrimental effects of moisture and mechanical loading. Adhesive/cohesive moisture-induced damage
constitutive relationships are proposed to describe the time-dependent degradation of material properties
due to moisture. X-ray two-dimensional (2D) computed tomography-imaging technique is used to con-
struct ﬁnite element (FE) microstructural representation of a typical dense-graded asphalt concrete. After
being calibrated against pull-off experiments, the proposed moisture-induced damage constitutive rela-
tionship, which is coupled to thermo-viscoelastic–viscoplastic–viscodamage mechanisms, is used to sim-
ulate the microstructure of asphalt concrete. Simulation results demonstrate that the generated 2D FE
microstructural representation along with the coupled moisture–mechanical constitutive relationship
can be effectively used to model the overall thermo-hygro-mechanical response of asphalt concrete.
Published by Elsevier Ltd.1. Introduction
Moisture inﬁltration through moisture susceptible material;
such as polymers, particulate composites, geo-materials, and
asphalt concrete; combined with mechanical loading gradually
degrade their properties. Speciﬁcally, moisture is a primary cause
of premature failure of asphalt concrete pavements. Once inﬁl-
trated, moisture degrades aggregate–binder adhesive and binder
cohesive bonds. The combined effects of repeated trafﬁc loading
with ﬂuctuating environmental conditions intensify the degrada-
tion of asphalt concrete properties, adversely inﬂuence serviceabil-
ity, and lead to early distress formation.
Extensive experimental and analytical investigations on the
effects of moisture on different materials have been conducted
since 1932 (Nicholson, 1932; Gandhi et al., 1987; Weitsman,
1987; Liu et al., 2005; Hueckel and Hu, 2009; Muliana et al.,
2009; Hu et al., 2012). Researchers developed different models to
simulate the response of polymers and their composites subjected
to environmental effects. These model are either too complicated
to use (material moduli depend on thirty-two invariants inWeitsman (1987) model) or the degradation procedure in their
model is a linear function of concentration of moisture and allows
for full recovery upon drying (Muliana et al., 2009). Geo-
technicians developed models to consider the effect of moisture
on partially saturated geo-materials (Liu et al., 2005; Hu and
Hueckel, 2007; Hueckel and Hu, 2009; Arson and Gatmiri, 2012;
Hu et al., 2012). They simulated the effect of ﬂow of moisture inside
interconnected cracks and voids and its induced additional stress
on elastic solid materials. Liu et al. (2005) used Barcelona basic
model formulation to take into account the inﬂuence of partial sat-
uration on the response. Hu and Hueckel (2007) studied themineral
dissolution in the vicinity of a stressed grain. Rigid chemo-plasticity
was used to simulate the phenomena in the solid phase at the
micro-scale, coupled with the reactive-diffusion transport of the
dissolved mineral across the grain. Similar approaches can be used
to simulate the detrimental effect of moisture due to its diffusion
inside the solid phase as both (i.e., diffusion and ﬂow of moisture)
cause extra expansion strains. However, these studies coupled the
detrimental effects of moisture with the elastic solid material
behavior and not a sophisticated thermo-viscoelastic–viscodamage
behavior, as it should be for asphalt concrete.
A few relationships are available in the literature to investigate
the effect of moisture on the aggregate–binder and aggregate–
mastic interfaces of asphalt concrete material (e.g. Youtcheff and
Fig. 1. Deﬁned (a)wet-damaged, (b)wet-undamaged, and (c) dry-undamaged natural
conﬁgurations to enable Continuum Damage Mechanics theories in modeling the
response of moisture-susceptible materials.
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deﬁned as the mixture of asphalt binder with aggregates smaller
than 2.34 mm. Youtcheff and Aurilio (1997) and Pinto et al.
(2009) conducted pull-off tests and investigated the effect of mois-
ture on the aggregate–binder bond strength through developing
empirical relationships.
Kringos et al. (2008a) proposed a moisture damage constitutive
relationship as a time-independent function of moisture content
that allows for full moisture damage recovery upon drying, which
is a controversial assumption. Graham (2009) proposed a time-
dependent continuum damage-based constitutive relationship for
predicting adhesive and cohesive moisture damage in asphalt con-
crete. This constitutive relationship does not account for moisture
damage history effect and has not been veriﬁed against experimen-
tal measurements.
Most of the available moisture-induced damage constitutive
relationships were developed based on simpliﬁed assumptions
regarding the material properties that affect moisture susceptibil-
ity. This study extends the Continuum Damage Mechanics frame-
work to consider the effect of moisture on the response
of moisture-susceptible materials. The extended framework is
followed to propose a physically-based moisture-induced damage
constitutive relationship for particulate composite materials. The
proposed moisture-induced damage is time-dependent, captures
the moisture history effect, and considers the irreversible phenom-
ena associated with the moisture degradation.
Moisture transport phenomenon and resistance of asphalt con-
crete to moisture-induced damage depend on aggregate mineral
composition, proportions of the constituents (mix design), physi-
cal–chemical properties of the constituents, and other microstruc-
tural features (e.g., aggregates shape, size, and gradation; asphalt
binder type; air void content and size distributions). Therefore, it
is desirable to develop a microstructural analysis approach that
utilizes a proper uniﬁed constitutive relationship and realistic
microstructural representation to investigate the fundamental
mechanisms governing distress formation in asphalt concrete
when subjected to mechanical loading and moisture conditioning.
Paggi and Wriggers (2011a) derived a nonlocal cohesive zone
model taking into account the properties of ﬁnite thickness inter-
faces to simulate particulate material at micro-scale. Then, they
proposed the numerical applications to Polycrystalline materials,
focusing on the constitutive modeling of the ﬁnite thickness inter-
faces between the grains (Paggi and Wriggers, 2011b). However,
Paggi and Wriggers (2011a) assumed the material to be linear
elastic at the initial stages before damage starts to evolve. Further-
more, the evolution of mechanical damage variable was deﬁned as
a monotonically increasing damage variable with time. Finally,
they did not consider the degradation due to environmental
conditions.
A few attempts have been made to simulate the microstructure
of asphalt concrete subjected to mechanical loading and moisture
effects since such simulations are computationally expensive.
Abu Al-Rub et al. (2011) used X-ray computed tomography (CT)
imaging technique to create a 2D FE microstructural representa-
tion of a typical dense-graded asphalt concrete composite. They
utilized a thermo-mechanical constitutive relationship (Darabi
et al., 2011) to simulate the mechanical response of asphalt con-
crete subjected to mechanical loading. Kringos et al. (2008a) and
Graham (2009) simulated an idealized 2D FE microstructural
representation of asphalt concrete to investigate the response of
moisture-conditioned specimens subjected to mechanical loading.
A cohesive zone element approach also was used to simulate the
degradation at the aggregate–mastic interface of asphalt concrete
materials (Caro et al., 2010a; Abhilash et al., 2011). Caro et al.
(2010a) constructed a simple 2D FE microstructural representation
of asphalt concrete and subjected it to cycles of moisture diffusionand mechanical loading. They embedded cohesive zone elements
to simulate the effect of moisture on damage evolution at the
aggregate–mastic interface. One of the main limitations of their
method is that they predeﬁned the direction of crack propagation.
Although such approaches provide insight into the micromechani-
cal response of particulate material, they cannot be used effectively
to predict the overall response of materials at macro scale due to
their high computational cost.
The moisture damage constitutive relationship proposed herein
is coupled to a uniﬁed mechanical constitutive relationship imple-
mented in the Pavement Analysis using Nonlinear Damage
Approach (PANDA) model to predict the coupled moisture–
mechanical response of asphalt concrete. PANDA is then used to
conduct microstructural simulations of realistic 2D FE representa-
tion of asphalt concrete subjected to various mechanical and
environmental loading conditions. The effect of moisture on the
evolution of distresses at microstructural level is demonstrated
through several simulations. It is shown that the modeling tech-
nique presented herein can predict crack propagation both in the
mastic and at the aggregate–mastic interface without prescribing
a predeﬁned crack path. This modeling technique is employed to
shed the light on the mechanism of damage evolution due to both
mechanical and environmental loading conditions.2. Coupled hygro-mechanical constitutive relationship
2.1. Continuum Moisture-Mechanical Damage Mechanics framework
This section extends the traditional Continuum Damage
Mechanics (CDM) framework (Kachanov, 1958; Rabotnov, 1969)
to ContinuumMoisture-Mechanical Damage Mechanics (CMMDM)
framework to couple moisture and mechanical damage
mechanisms. Mechanical loading and moisture conditioning both
contribute in degrading the material integrity. Mechanical loading
causes evolution and propagation of micro-cracks and micro-voids
through the material while moisture diffusion and presence simul-
taneously degrades adhesive and cohesive strength of the material.
Degraded material due to moisture is more prone to mechanical
damage. Simultaneously, propagation of micro-cracks and micro-
voids causes more moisture diffusion and consequently more
degradation. To simplify the numerical implementation and math-
ematical modeling of coupled moisture–mechanical response of
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context of Continuum Damage Mechanics theories. Therefore, the
well-known concept of the effective stress in the effective (undam-
aged) conﬁguration was extended to the concept of stress in the
introduced wet-damaged, wet-undamaged, and dry-undamaged
conﬁgurations. The term ‘‘wet’’ is referred to the conﬁguration
that includes the degraded area due to moisture presence.
Wet-undamaged, for example, is the conﬁguration that includes
the degraded areas due to moisture presence while micro-cracks
and micro-voids induced due to mechanical loading were removed
from the material.
Fig. 1 demonstrates three different conﬁgurations under the
coupled moisture–mechanical processes to extend CDM theories
to model the behavior of moisture-susceptible materials:
(1) wet-damaged (i.e., both moisture-degraded and mechanically-
damaged), (2) wet-undamaged (i.e., moisture-degraded,
mechanically-undamaged); and (3) dry-undamaged (i.e., neither
moisture-degraded nor mechanically-damaged). The wet-damaged
conﬁguration, Fig. 1(a), is considered as the real conﬁguration of the
material with cross sectional area A which includes micro-cracks
and micro-voids as well as the area degraded by the moisture. The
wet-undamaged conﬁguration with cross sectional area of A^,
Fig. 1(b), is obtained by removing mechanically induced micro-
cracks andmicro-voids from the total cross sectional area A. Finally,
the dry-undamaged,moisture undamaged-mechanical undamaged,
conﬁguration with cross sectional area A, Fig. 1(c), consists of the
intact portion of the material obtained by removing mechanically-
damaged areas as well as the area degraded due to the moisture.
The area corresponding to dry-undamaged conﬁguration has
neither been damaged mechanically nor degraded due to moisture
and can be considered as the counterpart of the effective conﬁgura-
tion of the classical CDM theories. Readers are referred to Shakiba
et al. (2014) for detailed information on the introduced representa-
tive conﬁgurations.
This extension allows one to relate stress tensors in the
dry-undamaged (effective) and wet-damaged (nominal) conﬁgura-
tions, such that:
rij ¼ rijð1 /eff Þ ð1Þ
where r and r are stress tensors in the effective and nominal
conﬁgurations, respectively. The term /eff is the effective damage
density that considers the effects of both mechanical damage and
moisture-induced damage, such that:
/eff ¼ 1 ð1xÞð1 /Þ ð2Þ
where / is the traditional mechanical damage density variable
ranging from 0 6 / 6 1, which is interpreted as the micro-damage
density. The term x is the moisture damage variable ranging from
0 6 x 6 1, x ¼ 0 indicates that moisture damage has not contrib-
uted to the degradation of the material and x ¼ 1 corresponds to
full degradation due to moisture. Any value between 0 and 1 (i.e.,
0 < x < 1) corresponds to partial reduction in material integrity
due to moisture. Eq. (2) treats the moisture damage generally as
the contribution of the moisture in degrading the properties of
moisture-susceptible materials. However, it should be emphasized
that the moisture damage evolution function will be different
depending on the mechanism of the moisture damage and material
type. According to Eq. (2), /eff ¼ 0 indicates that the material has
neither been mechanically damaged nor degraded by moisture
while /eff ¼ 1 indicates complete damage (or fracture) or full
degradation. Any value between 0 and 1 (i.e. 0 < /eff < 1) states
that the materials integrity is partially reduced due to combined
effects of moisture presence and mechanical loading. The expanded
conﬁgurations allow one to express the constitutive relationships in
the dry-undamaged conﬁguration and then couple them withmechanical and moisture damage mechanisms as demonstrated
in Eqs. (1) and (2).
It should be emphasized that Eq. (2) is formulated for general
cases, so that one can consider the concurrent effects of moisture
and mechanical damage on integrity of materials through an effec-
tive damage variable, /eff . As will be discussed in the subsequent
sections, the coupling between the mechanical and moisture dam-
age is considered carefully through the proposed moisture damage
and mechanical damage constitutive relationships. This study uses
the strain equivalence hypothesis (Lemaitre and Chaboche, 1990)
to relate the strain tensors in different conﬁgurations.
2.2. Moisture damage constitutive relationship
To ponder the time dependency of the moisture damage phe-
nomenon, an evolution function is considered to explain the effect
of moisture-induced damage on degradation of asphalt concrete.
The ﬁrst approximation of the evolution of moisture damage
variable is expressed as (Graham, 2009):
_xi½hðtÞ ¼ kihðtÞ; i ¼ a; c ð3Þ
where h is the normalized moisture content deﬁned as the ratio of
the volume of air voids occupied by moisture over the total volume
of air voids and the superimposed ‘‘’’ designates the time deriva-
tive. The material property k is the moisture damage ﬂuidity param-
eter characterizing the time-dependent moisture susceptibility of
asphalt concrete. The moisture damage evolution function proposed
herein accounts for both adhesive and cohesive modes of moisture
damage, such that the superscript i ¼ a corresponds to adhesive
moisture damage while i = c designates the cohesive moisture dam-
age. The adhesive moisture damage is deﬁned as the aggravation
effect of moisture on the aggregate–mastic interface while the
cohesive moisture damage is the decay of bond strength of the mas-
tic phase (i.e., mixture of asphalt binder with ﬁne aggregates).
Experimental results show that the rate of moisture damage
variable, _xiðhÞ, decreases as the level of damage increases
(Youtcheff and Aurilio, 1997). To consider this effect, the moisture
damage evolution function is modiﬁed (Shakiba et al., 2014), such
that:
_xi½hðtÞ ¼ kihðtÞ 1 /eff
 q
; i ¼ a; c ð4Þ
The term ð1 /eff Þq is referred to as the moisture damage
history term. The history term in Eq. (4) is incorporated in the
moisture damage constitutive relationship to consider a strong
coupling between moisture and mechanical damage and captures
three mechanisms implicitly. First, it captures the concentration-
dependent moisture diffusivity, such that the moisture diffusivity
is implicitly decreased as the moisture content and subsequently
the moisture damage level increases. Second, at a constant mois-
ture content level, it captures the availability of the intact material
at the adhesive and cohesive modes, which are not moisture-
degraded yet. The surface at the aggregate–mastic interface avail-
able for moisture substitution decreases with time as moisture
gradually occupies the aggregate–mastic interface. Similarly, the
rate at which mastic continues to absorb the moisture gradually
decreases as the concentration of moisture within the solid phase
of the mastic increases. Therefore, the evolution of both adhesive
and cohesive moisture damage variables decreases with time,
which is implicitly modeled through the history term 1 /eff
 q.
Finally, during the concurrent moisture conditioning and mechan-
ical loading, moisture damage encourages faster nucleation and
propagation of micro-cracks and micro-voids until damage reaches
a high level after which moisture can easily ﬂow out of the mate-
rial. After this stage, the rate of moisture damage evolution
decreases as damage level increases.
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rate at which mechanical damage evolves. First, the level of mois-
ture damage directly affects the effective stress tensor and subse-
quently the effective damage force through Eq. (1), such that the
higher the level of the moisture damage variable, the faster the
evolution of mechanical damage. Furthermore, the presence of
the history term incorporated in the mechanical damage constitu-
tive relationship, Eq. (11) (Darabi et al., 2011; Shakiba et al., 2014)
captures the effect of effective damage variable on the rate of dam-
age evolution. Therefore, the incorporated history terms consider
two-way couplings between moisture and mechanical damage in
a complex and history-dependent manner.
Using the CMMDM framework, the wet bond strength at the
current time t;XðtÞ, can be related to the initial dry bond strength,
X0, of the material, such that (Graham, 2009):XiðtÞ ¼ Xi0ð1xiÞ i ¼ a; c ð5Þ
Eq. (5) states that the adhesive/cohesive bond strength is equal
to the initial dry bond strength when xi ¼ 0 (i.e. XiðtÞ ¼ Xi0). Also,
when the material is completely degraded (i.e.xi ¼ 1), all strength
is lost (i.e. XiðtÞ ¼ 0).
The explicated moisture damage evolution function has several
advantages over the previously constituted moisture damage rela-
tionships (Kringos et al., 2008a; Graham, 2009). Eq. (4) is time-
dependent and considers the gradual degradation of the bond
strength at a ﬁxed moisture content. It accounts for the moisture
damage irreversibility, such that lost stiffness and strength due
to the moisture presence cannot be recovered upon drying; and
it describes the damage process as a function of the damage history
and not only based on the current moisture state. Unlike the mod-
els based on cohesive zone elements, it can predict crack propaga-
tion both within the mastic and at the interface without
prescribing a predeﬁned crack path. In addition, Eq. (4) provides
the ability to simulate the evolution of adhesive and cohesive
moisture degradation at the interface and the mastic simulta-
neously by assigning proper adhesive and cohesive moisture
damage material parameters.
Eq. (4) deﬁnes the evolution of the moisture damage variable in
terms of normalized moisture content, h. However, h should be
known prior to solving for the moisture damage variable. The Fick’sFig. 2. Schematic illustration osecond law is used to model moisture transport phenomenon, such
that:
@h
@t
¼ Dr2h ð6Þ
where D is the moisture diffusivity and r2 is the Laplace operator.
The built-in algorithms of Abaqus FE software is used to obtain the
evolution of normalized moisture content. It should be emphasized
that the reduction of the moisture diffusivity as the moisture con-
centration increases is captured implicitly through the history term
1 /eff
 q.
2.3. Coupling moisture with viscoelastic–viscoplastic–viscodamage
constitutive relationship
To capture the complex moisture–mechanical response of
asphalt concrete, the proposed moisture damage constitutive rela-
tionship is implemented to the Pavement Analysis using Nonlinear
Approach (PANDA). PANDA was developed and continues to be
reﬁned by the authors and their collaborators and models the
response of asphalt concrete to mechanical loading based on
Schapery’s (1969) nonlinear viscoelasticity, Perzyna-type (1971)
viscoplasticity, and Darabi et al. (2011) viscodamage model. An
outline of PANDA is summarized in this section (refer to Abu
Al-Rub et al., 2010; Darabi et al., 2011; Huang et al., 2011b; Abu
Al-Rub and Darabi, 2012; Darabi et al., 2012a,c for more details
on PANDA).
PANDA additively decomposes the total strain tensor, e, into the
non-linear viscoelastic, enve, and viscoplastic, evp, components (i.e.,
e ¼ enve þ evp). PANDA uses 3D version of Schapery’s (1969) non-
linear viscoelasticity to calculate the nonlinear viscoelastic strain
tensor, such that:
enve;tij ¼ g0ðrtij; TtÞD0 rtij þ g1ðrtij; TtÞ
Z t
0
DDðw
twsÞ dðg2ðrtij; TsÞrtijÞ
ds
ds;
wt ¼
Z t
0
dn
aT
ð7Þ
where t designate the response at a speciﬁc time; g0; g1, and g2 are
nonlinear viscoelastic parameters; T is temperature; wt is the
reduced-time; aT is the time–temperature shift factor; D0 is thef the pull-off test set up.
Axisymmetric axis
Binder
ITZ
Aggregate
Fig. 3. Finite element mesh for simulating pull-off experiments.
Fig. 4. Moisture content contour after 48 h of moisture conditioning in the pull-off
test.
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deﬁned as a Prony series:
DDw
t ¼
XN
n¼1
Dn½1 expðknwtÞ ð8Þ
where N is the number of terms, Dn is the nth coefﬁcient of Prony
series associated with the nth retardation time kn.
PANDA uses Perzyna-type (1971) hardening viscoplastic consti-
tutive relationship to account for permanent strain (i.e., viscoplas-
tic strain) of asphalt concrete materials, such that:
_evpij ¼ Cvp
f
r0y
* +N
@g
@rij
; f ¼ s aI1  jðpÞ; g ¼ s bI1 ð9Þ
where Cvp is viscoplastic ﬂuidity parameter, N is the viscoplastic
rate sensitivity component, hi is Macaulay brackets, g is the visco-
plastic potential function, f is yield function, and r0y is a yield stress
quantity used to normalized the yield function and can be assumed
unity. a and b are the pressure sensitivity parameters, I1 is the ﬁrst
stress invariant, and s is the deviatoric effective shear stress. jðpÞ isTable 1
Moisture damage parameters obtained for experiments conducted by Youtcheff and
Aurilio (1997).
Binder Porous material Parameter
k (1/h) q
AAD Ceramic 5.7  101 5
AAG Ceramic 3.06 4
AAM Ceramic 5.4  101 3
AAD Brick 1.08  102 3
AAD Steel 7.8  101 8the isotropic hardening function which is a function of the effective
(equivalent) viscoplastic strain p (i.e., _p ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
_evpij _e
vp
ij
q
) and deﬁned as:
jðpÞ ¼ j0 þ j1½1 expðj2pÞ ð10Þ
where j0, j1, and j2 are material parameters.
Darabi et al. (2011) viscodamage model is implemented in
PANDA to assess mechanical damage, such that:
_/ ¼ CvdðTÞ
Y 1 /ð Þ2
Y0
 !p
expðreeff Þ ð11Þ
where Cvd and Y0 are the reference damage ﬂuidity parameter and
reference damage force, respectively; Y is damage force in the effec-
tive (undamaged) conﬁguration; p and r are material parameters;
eeff is the effective total strain; eeff ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃeijeijp including both viscoelas-
tic and viscoplastic parts. Details related to the implementation of
the numerical algorithms associated with the presented constitu-
tive relationship are presented in Appendix A.
3. Identiﬁcation of moisture damage material properties using
pull-off experiments
In this section, the moisture damage material properties are
identiﬁed against pull-off test results (Youtcheff and Aurilio,
1997; Kringos et al., 2008b; Pinto et al., 2009). These tests aim to
measure the effect of moisture on degradation of adhesive bond
strength.
Three different sets of pull-off experiments were simulated to
identify material properties associated with the adhesive moisture
damage constitutive relationship. Youtcheff and Aurilio (1997) and
Pinto et al. (2009) performed the pull-off tests on different aggre-
gate–binder combinations varying in size and material type while
Kringos et al. (2008b) conducted the pull-off tests on different
aggregate–mastic combinations. Although this section describes
the pull-off tests on aggregate–binder, the testing procedure and
set up were similar in these sets of experiments. In these tests, a
thin layer of binder was adhered between an aggregate substrate
and a metal pull-stub. The metal pull-stub was pulled in uniaxial
tension at a constant displacement rate to determine the aggre-
gate–binder bond strength. Prior to testing, the sample was condi-
tioned in a water bath for varying conditioning times. Moisture
was forced to diffuse through the aggregate, Fig. 2. The bond
strength (i.e., the ultimate tensile stress) was recorded for each
sample. Visual observation was made to distinguish the failure
mode (i.e., either adhesive or cohesive). They stated that after
moisture conditioning, almost all specimens experienced a clear
adhesive failure.
It should be mentioned that pull-off test results may change if
the ﬁlm thickness changes. Film thickness should be selected in a
way to represent the actual thickness of the ﬁlm coating the aggre-
gates in asphalt concrete. In fact, in a recent study, Birgisson et al.
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Fig. 5. (a) and (b) Model predictions and experimental measurements of the bond strength for the pull-off tests conducted by Youtcheff and Aurilio (1997), (c) model
prediction of moisture damage evolution.
Table 2
The summary of combination and moisture diffusivity of materials used in the pull-off tests conducted by Kringos et al. (2008b).
Aggregate type Mastic type
I II III IV
Combinations
Sandstone Comb2 Comb3 Comb4 Comb6
Granite Comb1 Comb5
Diffusion coefﬁcients mm2/h
Mastic type I Mastic type II Mastic type III Mastic type IV Sandstone Granite
0.47 ± 0.02  103 11.08 ± 0.2  103 1.31 ± 0.04  103 1.15 ± 0.15  103 0.72 0.44
M. Shakiba et al. / International Journal of Solids and Structures 51 (2014) 4260–4279 4265(2005) investigated the concept of asphalt binder ﬁlm thickness
experimentally on the basis of measurements obtained by image
analysis techniques, reﬂective light microscopy, and scanning
electron microscopy. Experimental results indicated that asphalt
binder ﬁlms coating large aggregates do not actually exist in
asphalt concrete. Instead, what are referred to as asphalt binder
ﬁlms surrounding large aggregates are actually asphalt mastic
ﬁlms in the current study. These ﬁlms are highly irregular in shape
and have a thickness greater than 0.1 mm in the asphalt concrete
in their study. Furthermore, Marek and Herrin (1968) observed
an inverse relationship between tensile strength and log of ﬁlm
thickness. Film as thick as 0.2 mm exhibited both brittle and
intermediate ductile types of failure. Thicker ﬁlms possess low ten-
sile properties and could fail via ﬂow failure. Therefore, thicker
ﬁlms would require some modiﬁcation of the pull-off test toaccommodate excessive ductility during testing. The thinner ﬁlms
would lead to a decreased screening sensitivity. In this study the
pull-off test results with the ﬁlm thickness of 0.2 mm were
selected as an appropriate thickness to calculate adhesive failure
material properties since ﬁrst, the constructed microstructure has
aggregate and mastic phases and the thickness of 0.2 mm is in
the range of the results observed by Birgisson et al. (2005) for ﬁlm
thickness coating the aggregates, and second, Marek and Herrin
(1968) showed that 0.2 mm ﬁlm thickness represents the failure
mechanism more accurately.
FE representations of each experimental test was constructed
in Abaqus (2008) based on the dimensions of the aggregate and
binder. Fig. 3 shows the FE mesh used to simulate the pull-off tests.
The FE mesh consists of the aggregate substrate, adhered binder,
and interfacial transition zone (ITZ) between the aggregate and
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Fig. 6. Model predictions and experimental measurements of the bond strength for the pull-off tests conducted by Kringos et al. (2008b).
Table 3
Moisture damage parameters obtained for the experiments conducted by Kringos
et al. (2008b).
Combination Parameters
k (1/h) q
1 4.1  103 8
2 1.4  103 8
3 6.25  104 8
4 3.79  103 8
5 4.19  103 8
6 4.56  103 8
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Fig. 7. Model predictions and experimental measurements of the bond strength for
the pull-off tests conducted by Pinto et al. (2009).
Table 4
Moisture damage parameters obtained for the experiments conducted by Pinto et al.
(2009).
Additive Parameters
k (1/h) q
Without additive 0.643 6
Hydrated lime 0.051 8
Fly ash 0.129 8
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mental evidences (Marek and Herrin, 1968), the thickness of the
ITZ was assumed to be 0.2 mm to represent the failure mechanism
more accurately. ITZ is deﬁned at the aggregate–binder interface to
distinguish between adhesive and cohesive moisture damage.
To calibrate the adhesive moisture damage constitutive rela-
tionship based on pull-off experiments, moisture content must
be known at the interface. Using the Fick’s second law, the mois-
ture content at the aggregate–binder interface was obtained.
Fig. 4 illustrates a typical regime of moisture diffusion through
the structure after 48 h of moisture conditioning.
The moisture damage variable for each conditioning time was
calculated from the ultimate uniaxial tensile strength using Eq.
(5). Since moisture was the sole reason for degradation of the bond
strength, the effective damage density and the moisture damage
variable are the same (i.e., /eff ¼ x). Integrating the evolution
function over the conditioning period implies:Z x
0
dgi
1 gið Þq ¼
Z t
0
kihðtÞdt; i ¼ a; c ð12Þ
Adhesive moisture damage material properties are obtained
through solving the following equation using the FE model, shown
in Fig. 3:
xaðtÞ ¼ 1 kahðtÞðq 1Þ þ 1
 1=1q ð13Þ
This procedure was repeated to identify the moisture damage mate-
rial properties for different sets of experiments.
It should be emphasized that these data were used for calibra-
tion purposes only to show that the moisture damage constitutive
relationship is capable of capturing the trends observed in these
experiments. The pull-off tests cannot be used for validation pur-
poses because different materials were used in different sets of
pull-off test experiments.
The moisture damage constitutive relationship was ﬁrst cali-
brated against the experimental tests reported by Youtcheff and
Aurilio (1997). They reported pull-off test results for different
aggregate and binder types. Coupled diffusion-displacement anal-
ysis was used to calculate the moisture content at the aggregate–
binder interface, which is an input for PANDA to obtain the value
of moisture damage variable. The moisture damage material
parameters obtained from the calibration procedure are listed in
Table 1. Fig. 5(a) and (b) compare model predictions of the bond
strength with the experimental data reported by Youtcheff and
Aurilio (1997) for different material combinations and moisture
Table 5
Viscoelastic, viscoplastic, and mechanical damage parameters at the reference temperature, T ¼ 20oC (Darabi et al., 2011).
Viscoelastic parameters
n 1 2 3 4 5
kn (s1) 10 1 0.1 0.01 0.001
Dn (MPa1) 1.98  104 1.48  103 6.56  104 1.43  103 2.47  103
D0 (MPa1) 3.5  103
Viscoplastic parameters
a b r0y (kPa) C
vp (s1) N j0 (MPa) j1 (MPa) j2
0.3 0.15 100 5  104 3.63 35  103 610  103 215
Viscodamage parameters
Cvd Y0 (MPa) p r
4  106 0.7 5 30
Time–temperature shift factors ( T0 ¼ 20 C)
T ðCÞ 10 20 40
aT 7 1 0.008
Fig. 8. Finite element model for the microstructural representation of asphalt concrete, the model consists of aggregate, mastic, and interfacial transition zone at the
aggregate–mastic interface.
Fig. 9. (a) Moisture content contour, (b) moisture damage evolution contour, and (c) concurrent evolution of cohesive and adhesive moisture damage.
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strain rate test in tension.
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tutive relationship in simulating the bond strength as a function
of the conditioning time. Fig. 5(c) demonstrates a typical evolution
of the adhesive moisture damage variable. Fig. 5 shows that the
moisture damage constitutive relationship properly captures the
reduction in the decay rate as the conditioning period increases
(i.e., the history effect).
Kringos et al. (2008b) performed pull-off tests on six different
aggregate–mastic combinations using two types of aggregates
(sandstone and granite) and four types of mastics, Table 2. Fig. 6
shows the experimental results as compared to the calculated
bond strength using the moisture damage constitutive relation-
ship. The identiﬁed parameters for these tests are presented in
Table 3. Model predictions presented in these ﬁgures show that
the moisture damage constitutive relationship results agree well
with the experimental data.Fig. 11. Damage distribution once the material is failed in constant strain rate test in co
conditioned, (d) 30 days moisture-conditioned.The moisture damage constitutive relationship was also cali-
brated against the pull-off test results reported by Pinto et al.
(2009). They used 3 different additives to investigate the effect of
additive type on the maximum adhesive bond strength. Similarly,
they used a thin layer of binder adhered to an aggregate and exposed
it tomoisture diffusion before applying the load. The specimenswere
conditioned in a water bath for 24 and 48 h. The moisture diffusivity
used for simulating these experiments were 1.6  104 mm2/s for
aggregate (sandstone) and 2.5  108 mm2/s for binder.
Fig. 7 illustrates the comparison between model predictions
using Eq. (4) and experiment results conducted by Pinto et al.
(2009). It is clear that moisture damage constitutive relationship
successfully predicts the progressive degradation of the bond
strength with increase in the moisture conditioning period. The
moisture damage parameters associated with these tests are listed
in Table 4.mpression (a) dry condition, (b) 3 days moisture-conditioned, (c) 10 days moisture-
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M. Shakiba et al. / International Journal of Solids and Structures 51 (2014) 4260–4279 4269The computational results presented in Figs. 5–7 conﬁrm that
the moisture damage constitutive relationship presented herein
yields proper trends for the degradation in the adhesion bond
strength of both modiﬁed and unmodiﬁed asphalt with aggregate.
The moisture damage constitutive relationship used in this study
was validated against experimental test in the previous paper by
the authors (Shakiba et al., 2014).Strain rate =5×10-5 /s 
Strain rate =1×10-4 /s 
Strain rate =2×10-4 /s 
dry
Fig. 14. Damage distribution due to compressive loading at dif4. 2D microstructural simulation of asphalt concrete
The proposed moisture damage constitutive relationship, which
is implemented in PANDA, is used in this section to conduct micro-
structural simulations. These simulations provide insight into the
effects of microstructural conﬁguration as well as properties of
the constituents on the overall response of asphalt concrete. These5days moisture-conditioned 
ferent strain rate at dry and 5 days moisture-conditioned.
4270 M. Shakiba et al. / International Journal of Solids and Structures 51 (2014) 4260–4279simulations can also be used in selecting constituents of asphalt
concrete for more sustainable design.
4.1. Finite element representation of asphalt concrete microstructure
An X-ray computed tomography (CT) system was used to cap-
ture a 2D image of the microstructure of a typical dense-graded
asphalt concrete (Abu Al-Rub et al., 2011). The digitized image
consists of 512 by 512 pixels. Each pixel has a gray intensity
ranging from 0 to 255, with the lowest value representing black
and the highest value representing white. The planar image
includes aggregates, mastic, and air voids. A threshold ﬁltering
was used to convert this gray-scale image to two different
phases: white for aggregates and black for the matrix (i.e. binder,
ﬁne aggregates smaller than 2.34 mm and air voids). This study
did not explicitly distinguish binder, ﬁne aggregates, and air
voids in order to lower the computational cost. However, aver-
aged moisture diffusivity was assigned to the matrix phase in
order to implicitly account for ﬁne aggregates and air voids.
The FE microstructure accounts for the aggregate–matrix inter-
face through deﬁning interfacial transition zones, ITZs. The ITZ
was assumed to consist of narrow elements surrounding the
aggregates with high susceptibility to moisture, thickness of
0.2 mm. Deﬁning ITZs enables one to investigate the moisture
effect on degradation of adhesive bond strength within the
asphalt concrete microstructure. Aggregates were assumed toyrd
Temperature = 10°C
Temperature = 20°C
Temperature = 40°C
Fig. 16. Damage distribution due to compressive loading at diffbe isotropic linear elastic with the elastic modulus of 1000 MPa
and the Poisson’s ratio of 0.16 while the matrix and ITZ phases
were assumed to be a viscoelastic–viscoplastic material in which
the mechanical damage can evolve. Table 5 lists the material
parameters associated with the viscoelastic–viscoplastic–visco-
damage constitutive relationship, Darabi et al. (2011). Different
moisture damage parameters were assigned to matrix and ITZ
to capture independent effect of adhesive and cohesive moisture
damage. Average of moisture damage parameters obtained from
Youtcheff and Aurilio (1997) experiment, Fig. 5, were used to
simulate ITZ response.
Once diffused through the asphalt concrete, moisture progres-
sively substitutes at the aggregate–matrix interface. Substitution
of moisture at the aggregate–matrix interface is usually a thermo-
dynamically favorable phenomenon causing the separation of
matrix from the aggregate. Based on the surface free energy,
researchers showed that adhesive bond strength degrades 1.5–2
times faster than the cohesive matrix bond strength due to mois-
ture diffusion (Kanitpong and Bahia, 2005). Therefore, moisture
damage material properties associated with cohesive moisture
damage constitutive relationship were assumed smaller than those
of adhesive moisture damage (to make the material more prone to
adhesive rather than cohesive moisture damage) in conducting
microstructural simulations. Matrix and aggregate diffusivities
were assumed to be 5.56  106 mm2/s and 2.44  104 mm2/s,
respectively (Caro et al., 2010b).5days mositure-conditioned
erent temperature at dry and 5 days moisture-conditioned.
M. Shakiba et al. / International Journal of Solids and Structures 51 (2014) 4260–4279 4271Fig. 8 shows the FE mesh consisting of different shapes and
dimensions of aggregates which are surrounded by a thin ring of
elements representing the ITZ. Displacement was applied on the
top edge at a constant rate to represent on-sample constant strain
rate of 1  104 /s. Horizontal movement at the left side and
vertical movement at the bottom were prevented. The average
stress presented in the following measured as the total of nodal
reactions at the bottom of the specimen divided by the specimen
length times 1 (assumed thickness of a 2D model), and the average
strain is the applied displacement divided by the height of the
specimen.
It should be noted that the conducted microstructural simula-
tions are associated with damage and strain localization. Damage
and strain localization are important issues in such numerical
simulations and may lead to mesh-dependent and instability in
the results obtained from FE simulations. In these cases, the
solution becomes ill posed and the ellipticity of the governing
equations gets lost as localization occurs. To ensure the validity
of the simulation results, Appendix B presents the results of mesh
and time increment sensitivity analyses. It is shown that the
simulation results are not mesh-sensitive since the presented con-
stitutive relationship is rate-dependent and possesses ﬂuidity
parameters (i.e. Cvp, Cvd, and ki) that regularize the FE simulation
results.(a
.
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Fig. 17. (a) Stress-time diagram for creep-recovery test, (b) Average strain versus time for
test for dry and 2 different conditioning periods.4.2. Independent evolution of adhesive and cohesive moisture-induced
damage
Fig. 9(a) illustrates the moisture diffusion contours after the
microstructure was exposed to the normalized moisture content
of 1 on top (fully saturated on the top surface) and 0.5 on lateral
sides (partially saturated) for 10 days.
The moisture content was not assumed ﬁxed through the mate-
rial. The Fick’s second law is used to computationally determine the
evolution of the moisture content within the microstructure for the
given boundary condition. Fig. 9(b) and (c) illustrate the evolution
of the cohesive and adhesive moisture damage. As shown in
Fig. 9(b), areas close to the top and lateral surfaces are signiﬁcantly
damaged due tomoisture. The reason for thismoisture damage pat-
tern is that moisture starts to diffuse from surfaces, such that areas
adjacent to those surfaces are exposed to highermoisture level for a
longer period. Results shown in Fig. 9(b) demonstrate that the
material is susceptible to stripping or raveling phenomena, which
is the dislodgement of aggregates from the bulk material. The vul-
nerable interfaces are highly aggravated due to higher moisture
content close to the top and lateral surfaces, Fig. 9(c). This degrada-
tion leads to easy separation of aggregates from the mastic at the
surfaces. This ﬁgure shows the capability of the proposed moisture
damage constitutive relationship to independently consider)
0 800 1000 1200
e (s)
5 days moisture-conditioned 
3 days moisture-conditioned 
dry
(c) 
creep compressive test, and (c) Average strain versus time diagram for creep tensile
4272 M. Shakiba et al. / International Journal of Solids and Structures 51 (2014) 4260–4279adhesive and cohesive moisture damage effects. These results also
illustrate the capability of the constitutive relationship to predict
the tendency of striping in asphalt concrete due to the susceptibility
of the adhesive bond strength to moisture.
4.3. Effect of moisture conditioning period
Simulated microstructures were exposed to different periods of
moisture conditioning. Mechanical loading was then applied on
the top of the pavement structure at a constant on-specimen strain
rate of 1  104 /s at 20 C. As it has been discussed, Fig. 9(a) shows
the normalized moisture content contours when the top surface of
microstructure was saturated and lateral surfaces were partially
saturated.
Fig. 10 illustrates the average stress–strain diagram in uniax-
ial compressive loading for various moisture conditioning peri-
ods. It shows that the stiffness modulus and ultimate strength
of the material are reduced as the period of exposure to moisture
increases. Fig. 11 demonstrates the damage contours once the
material is failed due to both moisture effect and mechanical
loading. Fig. 11 shows that at dry condition, damage is distrib-
uted through the specimen. However, as the moisture condition-
ing time increases, damage localizes at the external boundaries
which have been signiﬁcantly degraded due to moisture
conditioning.
Similarly Fig. 12 shows the average stress–strain diagram under
tensile loading. The damage distribution contours are slightly dif-
ferent with damage under compressive loading and therefore were
not presented here.
4.4. Effect of strain rate
Strain rate has a considerable impact on the response of asphalt
concrete because of its viscous behavior. Fig. 13 illustrates them
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Fig. 18. Damage distribution durinaverage stress–strain responses at different strain rates after the
specimen was moisture conditioned for 5 days at 20 C. Fig. 13
demonstrates that for both dry and moisture-conditioned cases,
the ultimate strength and initial modulus increase as the strain
rate increases. At a ﬁxed strain rate, however, ultimate strength
and initial stiffness of moisture-conditioned specimens are less
than those of the dry specimen. The constitutive relationship used
in this study can predict the impact of loading rate on the initial
stiffness, ultimate strength, strain to failure, and the coupling
effects of moisture damage.
Fig. 14 presents the damage contours corresponding to the fail-
ure of the cases simulated in Fig. 13. Fig. 14 shows that for both dry
and moisture-conditioned cases, larger portion of the material gets
damaged as strain rate increases. At low strain rates, damage local-
izes at the regions with high moisture damage density. Therefore,
premature local failure occurs when the moisture-conditioned
material is subjected to low strain rates. This could be the case in
the roadways where the speed limit is low and at intersections
where vehicles move very slowly. In these cases, the loading rate
is low and the mode of failure due to both mechanical and mois-
ture conditioning is primarily local premature surface failure.
However, Fig. 14 illustrates that damage localization occurs within
the whole material structure and does not only localize at the
edges. This behavior can be explained due to viscous behavior of
asphalt concrete, such that the applied deformation induces stress
within the whole specimen. At low strain rates, the induced stress
has long enough time to relax. However, at high strain rates the
induced stress does not have enough time to relax and therefore
induces damage at large portion of the material’s microstructure.
4.5. Effect of temperature
To scrutinize the effect of temperature, microstructural simula-
tions were conducted at 3 different temperatures for dry andAt the time stage of
failure
g compressive creep-recovery.
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results of stress–strain responses when the microstructure is
subjected to a constant on-specimen strain rate of 1  104 /s.
The corresponding damage contours are shown in Fig. 16. It is
notable that the material response is highly dependent on temper-
ature. The material’s ultimate compressive strength and initial
modulus decrease as the temperature increases. The material
becomes more brittle and more prone to damage as temperature
decreases. Therefore, at a speciﬁc strain level, damage increases
as temperature decreases. It is usually argued that the rate effect
and temperature effect are similar, such that the material behavior
at low loading rates is similar to the material behavior at high tem-
peratures and vice versa. The damage contours plotted at different
strain rates and temperatures conﬁrm this argument as shown in
Figs. 13 and 15.
4.6. Creep-recovery
Repeated compressive and tensile creep-recovery tests at two
different moisture conditioning periods were simulated at 20 C.
It should be mentioned that moisture diffuses from lateral and bot-
tom surfaces in these simulations. Fig. 17(a) shows the stress input
for the simulated creep-recovery test with the loading and unload-
ing times of 100 s. Model predictions of strain response during the
repeated creep-recovery test are presented in Fig. 17(b) and (c) in
compression and tension, respectively. The results indicate that
moisture signiﬁcantly increases the strain level in this test. The
increase in the strain level causes the material to reach to high level
of deformation after few numbers of loading cycles. This is the pri-
mary reason for the premature failure of pavements under coupled
moisture and mechanical loadings. These ﬁgures illustrate that the
proposed constitutive relationship can capture the degradation
effect of moisture, leading to higher strain level, under cyclic load-
ing. Fig. 18 demonstrates the damage evolution at different stages
of loading in compression. This ﬁgure illustrates the localized dam-
age at the early stage of loading for the moisture-conditioned case.
The damage distributes through the microstructure as the number
of cycles increase. It is completely visible that the moisture-
conditioned microstructure is degraded more than the dry case at
the same stage of loading time. The repeated creep-recovery test
represents the trafﬁc loading on the pavements.
One may conclude from these results that the presented cou-
pled moisture–mechanical constitutive relationship is well-suited
to conduct microstructural simulations of asphalt concrete
behavior under load and when subjected to moisture. It can predict
damage propagation throughout the mixture.
5. Conclusions
In this paper, a moisture damage evolution function was pro-
posed and calibrated using pull-off test results. The calibrated con-
stitutive relationship was used to conduct simulations of 2D
microstructural representations of asphalt concrete. The experi-
mental data, model predictions, and microstructural simulations
conducted in this study show that:
– The moisture damage constitutive relationship has the capabil-
ity of simulating adhesive and cohesive moisture damage, inde-
pendently. It can take into account the combined effects of
adhesive and cohesive moisture damage as well as the transi-
tion between them.
– The coupled moisture–mechanical constitutive relationship
along with the microstructural simulations can be used
effectively to simulate the evolution of damage to identify the
critical locations where damage localizes.– Moisture damage can alter the mechanical damage paradigm
and contributes to damage localization within the moisture-
degraded region, which can lead to the local and premature fail-
ure of pavement structures.
– Ultimate strength, stiffness moduli, and failure strain during the
monotonic tests decrease as the level of moisture damage
increases.
– Simulation results show that the coupled moisture–mechanical
constitutive relationship presented herein can be effectively
used to conduct microstructural simulations of asphalt con-
crete. Furthermore, these microstructural simulations show
that moisture conditioning period, strain rate, and temperature
signiﬁcantly impact the response of asphalt concrete materials.
– The moisture damage evolution function is capable of predict-
ing the effect of moisture on the mechanical response of asphalt
concrete materials.
– Simulation results illustrate the ability of coupled moisture–
mechanical model to capture temperature effects on changes
in the strength and brittleness of asphalt concrete.Acknowledgements
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This appendix presents the numerical integration of the
presented coupled hygro-mechanical constitutive relationship.
As mentioned in Section 2, the constitutive relationships are pre-
sented in the effective conﬁguration. This approach substantially
simpliﬁes the numerical implementation since it avoids the com-
plexities associated with the direct couplings of the moisture and
mechanical damage to the viscoelastic and viscoplastic models.
In other words, one can ﬁrst update the stress tensor in the effec-
tive conﬁguration, r, using the viscoelastic and viscoplastic consti-
tutive relationships, then calculate the damage variables which are
functions of the stress in the effective conﬁguration, and ﬁnally
update the strain and stress tensors in the damaged (nominal) con-
ﬁguration. However, at the beginning of the analysis the strain
increment in the damaged (nominal) conﬁguration is known, Det ,
which is not the same as the strain increment in the effective con-
ﬁguration, Det . Hence, an iterative method is needed to obtain the
strain increment in the effective conﬁguration at current time t.
The increment of the total strain in the damaged conﬁguration at
current time t, the values of the internal variables (e.g. / and x),
and the stress tensor at the previous increment t  Dt are known.
The objective here is to update the current stress tensor and deter-
mine the current viscoelastic and viscoplastic strain increments.
Hence, a trial strain increment in the effective conﬁguration is:
Detr;tij ¼ ð1 /tDteff ÞDetij ðA:1Þ
The trial strain increment in the effective conﬁguration will
then be fed to the viscoelastic and viscoplastic constitutive models
to update viscoelastic and viscoplastic state variables in the effec-
tive conﬁguration. The next step is to calculate the moisture and
mechanical damage variables based on the obtained variables in
4274 M. Shakiba et al. / International Journal of Solids and Structures 51 (2014) 4260–4279the effective conﬁguration. At the end of the analysis, the new and
old values of the strain increments in the effective conﬁguration
will be compared in order to check convergence.
It should be mentioned that moisture mechanical coupling is
solved using an iteratively coupled (sequential) approach since
the time scale during which moisture diffusion occurs is
signiﬁcantly larger than the time scale during which the deforma-
tion occurs. However, using the iterative scheme, the consistent
tangent stiffness (Eq. (A.12)), and the recursive scheme for the
ﬁnite element implementation of the viscoelastic model greatly
increases the convergence speed and reduces the number of
required iterations. Normally, large numbers of iterations are
required for the recursive schemes if the initial guess and iteration
is not close enough to the converged values. However, incorporat-
ing an accurate iteration scheme along with the consistent tangent
stiffness reduces the number of required iterations since the initial
guess is close to the converged values. The number of iterations for
the presented constitutive model has been less than 2 when the
damage density is small. However, this number increases as the
damage density increases, such that for large values of the damage
density the number of iterations increases to about six times. The
reason is that large values of the damage density makes the
constitutive model highly nonlinear, such that more iterations
are required for the constitutive model to converge. In the follow-
ing developments the superimposed ‘‘tr’’ is removed from the
strain increment in the effective conﬁguration for simplicity
purposes.
A.1. Moisture damage constitutive relationship
Using the effective stress concept in the effective conﬁguration
of CMMDM greatly simpliﬁes the numerical implementation of the
proposed constitutive relationship for moisture damage due to
moisture presence. One can ﬁrst update the effective stress, r,
based on the nonlinear viscoelasticity and viscoplasticity
equations, which are expressed in the effective (dry-undamaged)
conﬁguration. Simultaneously, the moisture content throughout
the model geometry is determined using Fick’s second law. The
next step is to determine the damage density based on Eq. (2),
and the updated nominal stress, r, using Eq. (1). Knowing the
strain increment, De ¼ et  etDt , and values of the stress and
internal variables from the previous step (i.e. at time t  Dt), one
can obtain the updated values at the end of the time increment
(i.e. at time t).
etij ¼ eve;tij þ evp;tij ¼ eve;tDtt þ Deve;tij þ evp;tDtij þ Devp;tij ðA:2Þ
rtij ¼ rtDtij þ Drtij ðA:3Þ
Then, Eq. (1) can be used to obtain the ﬁnal nominal stress.
Moisture diffusion within the microstructure of the asphalt mix-
ture is assumed to follow Fick’s second law, Eq. (6). Therefore, to
simulate the dispersion of moisture, the diffusion equation is
solved using Abaqus’s built-in algorithm for solving mass diffusion,
where moisture content is used in place of mass. Moisture content
at each node is computed using implicit standard method from the
weak formulation of the Fick’s second law. The solution provides
moisture content at each node at each time increment according
to the imposed moisture content boundary condition. The obtained
weak form of the equation is a ﬁrst order differential equation and
can be solved via classical time integration algorithms, Abaqus
(2008) uses the backward difference scheme where the time deriv-
ative is computed as:
_hnþ1 ¼ 1Dt ðhnþ1  hnÞ ðA:4Þwhere n is the number of increments. Having the moisture content
at each time step obtained from Fick’s second law Eq. (4) can be
solved discretely, so at time t following a time step of Dt,
xi;t ¼ xi;tDt þ kihð1 /tDteff Þ
q
Dt; i ¼ a; c ðA:5Þ
The above formulated numerical algorithms are implemented
in PANDA linked to the well-known commercial ﬁnite element
code Abaqus (2008). Fig. A1 illustrates the ﬂowchart for implemen-
tation of the coupled moisture–mechanical constitutive
relationship.
A.2. Thermo-viscoelastic constitutive relationship
The volumetric and deviatoric components of the viscoelastic
strain tensor can be written such that:
enveij ¼ enveij þ
1
3
envekk dij ¼
1
2G
Sij þ
rkk
9K
dij ¼
J
2
Sij þ
B
3
rkkdij ðA:6Þ
where enve and enve are the deviatoric and the volumetric strain ten-
sors, respectively, of the viscoelastic strain tensor. S is the deviatoric
stress tensor (i.e., Sij ¼ rij  13 rkkdij).
The deviatoric and volumetric increments of the strain incre-
ment can be expressed using Eqs. (7), (8) and (A.2) as follows
(Lai and Bakker, 1996; Haj-Ali and Muliana, 2004):
Deve;tij ¼ eve;tij  eve;tDtij
¼ JtStij  JtDtStDtij 
1
2
XN
n¼1
Jn½gt1 expðknDttÞ  gtDt1 qtDtij;n
 1
2
gtDt2
XN
n¼1
Jn gtDt1
1 expðknDttDtÞ
knDttDt
 	
 gt1
1 expðknDttÞ
knDtt
 

StDtij ðA:7Þ
Deve;tkk ¼ eve;tkk  eve;tDtkk
¼ Bt rtkk  BtDt rtDtkk 
1
3
XN
n¼1
Bn½gt1 expðknDttÞ  gtDt1 qtDtkk;n
 1
3
gtDt2
XN
n¼1
Bn gtDt1
1 expðknDttDtÞ
knDttDt
 	
 gt1
1 expðknDttÞ
knDtt
 

rtDtkk ðA:8Þ
where the variables qtDtij;n and q
tDt
kk;n are the deviatoric and volumetric
components of the hereditary integrals for each term n of the Prony
series at the previous time step t  Dt. The hereditary integrals are
updated at the end of each converged time increment, which will be
used for the next time increment, and are expressed as follows
(Haj-Ali and Muliana, 2004):
qtij;n ¼ expðknDttÞqtDtij;n þ ðgt2Stij  gtDt2 StDtij Þ
1 expðknDttÞ
knDtt
ðA:9Þ
qtkk;n ¼ expðknDttÞqtDtkk;n þ gt2 rtkk  gtDt2 rtDtkk
 1 expðknDttÞ
knDtt
ðA:10Þ
The problem in solving Eqs. (A.7) and (A.8) is that the nonlinear
functions are not known at the current increment t. Therefore, an
iterative method can be used to ﬁnd the correct stress state. This
study employs the iterative scheme to obtain the correct stress
for a given strain increment. Before the onset of viscoplasticity,
the residual strain will be deﬁned as follows (Haj-Ali and
Muliana, 2004):
Rve;tij ¼ Deve;tij þ
1
3
Deve;tkk  Detij ðA:11Þ
Fig. A1. Flowchart for implementation of the coupled moisture–mechanical constitutive model.
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strain residual in Eq. (A.11). Moreover, when the strain is totally
viscoelastic, the program uses the consistent Jacobian matrix
which is the consistent tangent compliance and is determined as:
Sveijkl ¼
@Rve;tij
@rtij
¼ J^tdik  djl þ 13 ðB^
t  J^tÞdij  dkl
þ @
rteff
@rtkl
@ J^t
@rteff
(
rtij þ
1
3
@B^t
@rteff
 @ J^
t
@rteff
 !
rtkkdij
 1
2
@gt1
@rteff
XN
n¼1
J^n expðknDttÞqtDtij;n  gtDt2
1 expðknDttÞ
knDtt
 
StDtij
 
 1
9
@gt1
@rteff
XN
n¼1
B^n expðknDttÞqtDtkk;n  gtDt2
1 expðknDttÞ
knDtt
 
rtDtkk
 
dij
ðA:12Þ
It should be noted that Eqs. (A.11) and (A.12) are not valid in the
presence of viscoplastic deformations. These equations will be
updated in the next subsection.
A.3. Thermo-viscoplastic constitutive relationship
The viscoplastic strain increment in Eqs. (9) can be rewritten as
follows:
Devp;tij ¼ CvphUðf ÞiN
@g
@rij
Dt ¼ Dcvp;t @g
@rij
ðA:13Þ
where Dcvp;t can be written from Eq. (9) as follows:
Dcvp;t ¼ DtCvphUðf ÞiN ¼ DtCvp f ðr
t ; evp;te Þ
r0y
" #N
ðA:14ÞSubstituting Eqs. (A.13) and (A.14) into Eq. (A.1), the effective
viscoplastic strain increment can be written as:
evp;te ¼ evp;tDte þ Devp;te
¼ evp;tDte þ
Dcvp;tﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ 2 0:5þb=31b=3
 2r
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
@g
@rij
@g
@rij
s
ðA:15Þ
A consistency condition for rate-dependent plasticity (visco-
plasticity) can be deﬁned similar to the classical rate-independent
plasticity theory such that a dynamic (rate-dependent) yield sur-
face, v, can be expressed from Eq. (9) as follows (Huang et al.,
2011a):
v ¼ s aI1  jðevpe Þ  r0y
_cvp
Cvp
 !1=N
6 0 ðA:16Þ
The Kuhn–Tucker loading–unloading condition (consistency) is
valid also for the dynamic yield surface v, such that:
v 6 0; _cvp P 0; _cvpv ¼ 0; _v ¼ 0 ðA:17Þ
In order to calculate evp;te , one can iteratively calculate Dcvp;t
through using the Newton–Raphson scheme. Once Dcvp;t is
obtained, the viscoplastic strain increment Devp can be calculated
from Eq. (A.13). In the Newton–Raphson scheme, the differential
of v with respect to Dcvp is needed, which can be expressed as
follows:
@v
@Dcvp
¼  @j
@Devpe
@Devpe
@Dcvp
 r
0
y
DcvpN
Dcvp
DtCvp
 1
N
ðA:18Þ
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lated as follows:
ðDcvp;tÞkþ1 ¼ ðDcvp;tÞk  @v
@Dcvp;t
 k" #1
vk ðA:19Þ
The above recursive–iterative algorithm with the Newton–
Raphson method is used to obtain the current effective stress
and the updated values of viscoelastic and viscoplastic strain incre-
ments by minimizing the residual strain deﬁned as:
Rtij ¼ Denve;tij þ Devp;tij  Detij ðA:20Þ
The stress increment at the k + 1 iteration is calculated by:
ðDrtijÞkþ1 ¼ ðDrtijÞk 
@Rtij
@rtij
 !k24
3
5
1
ðRtijÞ
k ðA:21Þ
where the differential of Rtij gives the consistent tangent compliance,
which is necessary for speeding convergence and can be derived as
follows:
@Rtij
@rkl
¼ @D
enve;tij
@rkl
þ @D
evp;tij
@rkl
ðA:22Þ
where @Denve;t=@r is the nonlinear viscoelastic tangent compliance
which is derived in Huang et al. (2011a,b); whereas, the viscoplasticFig. B1. The smaller part of RVE (45  45 mm) used for mesh s
Fig. B2. (a) Finite element mesh of the small RVE (average matrix mesh size = 1 mm) a
element across ITZ, (c) 2 elements across ITZ, (d) 4 elements across ITZ, and (e) 8 elemetangent compliance is derived from Eqs. (9), (A.13) and (A.14), such
that:
Svp;tijkl ¼
@Devp;tij
@rkl
¼ @g
@rij
@Dcvp;t
@rkl
þ Dcvp;t @
2g
@rij@rkl
¼ DtCN
r0y
f
r0y
 !N1
@g
@rij
@f
@rkl
þ DtC f
r0y
 !N
@2g
@rij@rkl
ðA:23Þ
where @2g=@r@r is given by:
@2g
@rij@rkl
¼ 1:5 dikdjl  13 dijdkl
 
1þ 1=d
2
ﬃﬃﬃﬃ
J2
p  J3ð1 1=dÞ
J22
" #
þ 1:5Skl
" @J2
@rij
ð1þ 1=dÞJ1:52
4
þ 1 1=dÞ 2J3J32
@J2
@rij
J22
@J3
@rij
  #
þ ð1 1=dÞ
2J22
27ðdikSlj þ djlSikÞ
2
 9ðdklSij þ dijSklÞ
 
 27
4
SkmSml  1:5J2Skl
  ð1 1=dÞ @J2
@rij
J22
2
4
3
5 ðA:24Þ
The tangent compliance can now be obtained by substituting
Eqs. (A.12) and (A.23) into Eq. (A.22).ensitivity analyses, consists of aggregates, ITZ, and matrix.
nd different number of embedded elements at the interfacial transition zone, (b) 1
nts across ITZ.
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The damage condition can be deﬁned by rearranging Eq. (11),
such that:
vvd ¼
Yð1 /Þ
Y0
 p
expðreeff Þ 
_/
Cvd
¼ 0 ðA:25Þ
where Y is the damage force and vvd is the damage loading condi-
tion. Similar to viscoplasticity, the mechanical damage increment
can be obtained using the Newton–Raphson scheme. However, it
should be noted that the values of Y and eeff are constant during
these trials, which substantially simpliﬁes the implementation,(a)
 (b) 
(c) (
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Fig. B3. Average compressive stress–strain diagram for cases of (a) different average mat
dry condition, (c) different number elements embedded at ITZ for moisture-conditionedsince they are expressed in the effective conﬁguration. However,
the differential of the vvd, Eq. (A.25), with respect to D/ is needed
which can be expressed as follows:
@vvd
@D/
¼ q
Y
Y0
  Yð1 /Þ
Y0
 p1
expðreeff Þ  1
CvdDt
ðA:26Þ
Hence, the damage density increment at the kþ 1 iteration can
be obtained as follows:
ðD/tÞkþ1 ¼ ðD/tÞk  @v
vd
@D/t
 k" #1
vvd ðA:27Þd) 
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/t ¼ /tDt þ _/tDt ðA:28Þ
For more details regarding the implementation of the constitu-
tive relationships please refer to Abu Al-Rub et al. (2011) and
Darabi et al. (2012b).
Appendix B. Mesh and time increment sensitivity analysis
This appendix presents the mesh and time increment sensitivity
analyses to ensure the validity of microstructural simulation
results. The reason for conducting the mesh sensitivity analyses
is that damage and strain localization occurs at the matrix phase
due to an order of magnitude difference in the stiffness of aggre-
gate and matrix phases. This localization is crucially important in
such simulations as it may lead to mesh-dependent and instability
in the results obtained from FE simulations. However, this appen-
dix shows that the results are not mesh-dependent since the con-
stitutive relationships are highly rate-dependent which introduces
a length scale into the initial value problem, such that it regularizes
the result and eliminates mesh-dependency of results in case of
damage and strain localization. Due to high computational costs
associated with the mesh-sensitivity analyses, a small part of the
RVE was used to study the effect of matrix and ITZ mesh densities
as well as the time increment sensitivity analyses, Fig. B1. RVE’s
with different mesh densities were subjected to the same uniaxial
compressive loading.
Three different sets of analyses were conducted to investigate
the effect of matrix mesh size at dry condition and the effect of
ITZ mesh size at dry and moisture-conditioned states, Fig. B2.
Fig. B3(a) illustrates the average compressive stress–strain
response of the RVE at dry condition for four different matrix mesh
densities. Fig. B3(a) clearly demonstrates that the results converge
to a single curve as the matrix mesh density increases. The mesh
sensitivity analysis was repeated on the number of elements along
the ITZ for both dry and moisture-conditioned cases. As shown in
Fig. B3(b) and (c), the average stress–strain response for both dry
and moisture-conditioned cases converges to a single curve as
the number of elements along the ITZ increases conﬁrming that
the results are not mesh-dependent. It should be mentioned that
the average element size in the matrix phase was assumed to be
1 mm for all the cases presented in Fig. B3(b) and (c). Finally,Fig. B3(d) illustrates the average stress–strain response for differ-
ent time increments. The results presented in Fig. B3(d) are
obtained using an average matrix mesh size of 1 mm. Fig. B3(d)
clearly shows that the stress–strain response converges when the
time increment is less than 1 s. For smaller time increments the
results are almost identical to the case when time increment is
1 s. Therefore, the time increment size of 1 s is considered in
microstructural simulations.
These results conﬁrm that the solution for this problem is nei-
ther mesh-dependent nor time increment size dependent.
Needleman (1988), Loret and Prevost (1990), and Wang et al.
(1997) showed that the rate-dependency of material introduced
a length scale into the initial value problem. The length scale reg-
ularizes the results and eliminates the mesh-dependency of the
results. This is attributed to the presence of the ﬂuidity parameters
(i.e. Cvp, Cvd, and ki) in the presented constitutive model. Fig. B4
illustrates the contours of the adhesive moisture damage for differ-
ent ITZ mesh densities. This ﬁgure clearly demonstrates that the
adhesive moisture damage contour barely changes for different
mesh densities across the ITZ.References
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